Mast cells are pivotal in the pathogenesis of allergy and inflammation. In addition to the classical IgE-dependent mechanism involving crosslinking of the high-affinity receptor for IgE (FceRI), mast cells are also activated by Toll-like receptors (TLRs) which are at the center of innate immunity. In this study, we demonstrated that the response of LAD2 cells (a human mast cell line) to anti-IgE was altered in the presence of the TLR2 agonists peptidoglycan (PGN) and tripalmitoyl-S-glycero-Cys-(Lys)4 (Pam3CSK4). Pretreatment of PGN and Pam3CSK4 inhibited anti-IgE induced calcium mobilization and degranulation without down-regulation of FceRI expression. Pam3CSK4 but not PGN acted in synergy with anti-IgE for IL-8 release when the TLR2 agonist was added simultaneously with anti-IgE. Studies with inhibitors of key enzymes implicated in mast cell signaling revealed that the synergistic release of IL-8 induced by Pam3CSK4 and anti-IgE involved ERK and calcineurin signaling cascades. The differential modulations of anti-IgE induced mast cell activation by PGN and Pam3CSK4 suggest that dimerization of TLR2 with TLR1 or TLR6 produced different modulating actions on FceRI mediated human mast cell activation.
Introduction
Mast cells which express high-affinity IgE receptor (FceRI) are key immune effector cells in allergic associated diseases such as asthma and atopic dermatitis. In recent years, following the growing knowledge on the roles of mast cells in innate immunity, interaction between FceRI -mediated allergic responses and Tolllike receptor (TLR)-mediated reactions has attracted more and more attention [1] [2] [3] . Epidemiological studies suggest that increased exposure to microbial compounds decreases the risk of developing allergies in children [4, 5] . However, the outcomes from TLR2 and FceRI co-stimulation are controversial in studies using different in vitro models.
Several literatures described the relationship between these two systems and indicated the synergistic release of cytokines after costimulation of antigen with TLR2 ligands from mast cells [3, 6, 7] . Synergistic effect on cytokines production was contributed to the synergistic activation of MAPKs and their related transcriptional factors c-Jun, c-fos and ATF-2 [3] . In contrast, other groups have reported inhibitory effects on mast cell degranulation and cytokines production which were either through decreased FceRI expression or suppression of calcium mobilization and Erk phosphorylation due to pre-treatment with different TLR2 ligands [1, 2, 8] . Most of these studies were carried out by investigating mouse mast cells. Only one study used the human mast cells line LAD2 cells and observed the suppression of FceRI expression and antigen-induced mast cells degranulation upon TLR2 ligands pretreatment [2] . However, the modulatory effects of TLR2 on FceRI -induced release of de novo synthesized mediators from human mast cells are unclear.
Activation of TLR2 in mast cells induced the release of various inflammatory mediators [9] . Signaling pathways involved in TLR2-mediated activation initiates through recruitment of the adaptor molecules, myeloid differentiation protein 88 (MyD88) [3] . On the other hand, FceRI activation of mast cells involves multivalent binding of antigens to IgE bound FceRI on mast cells and the recruitment of immunoreceptor tyrosine activation motifs (ITAMs) [10] . However, similar usage of MAPKs, NF-kB, PI3K-Akt pathways and the involvement of calcium mobilization are shared by both of the activation systems [11] [12] [13] .
In the following study, we investigated the modulatory effects of TLR2 ligands on human mast cell line LAD2 cells activation in response to anti-IgE in the context of degranulation and release of de novo synthesized mediator IL-8. Two widely accepted TLR2 ligands bacterial peptidoglycan (PGN, ligand for TLR2/TLR6) and tripalmitoyl-S-glycero-Cys-(Lys)4 (Pam3CSK4, ligand for TLR2/TLR1) were employed to investigate if there are differences between the effects of TLR2/TLR1 and TLR2/TLR6 heterodimers on human mast cell activation. Preliminary studies on signaling pathways involved in the events were further studied.
Materials and Methods

Human mast cell culture
The Laboratory of Allergic Disease 2 (LAD2) human mast cells were kindly provided by A. Kirshenbaum and D. Metcalfe (NIH, USA) [14] . Cells were maintained in StemPro-34 medium supplemented with 10 ml/l StemPro nutrient supplement, 1100 penicillin-streptomycin, 2 mmol/l L-glutamine, 100 ng/ml human stem cell factor, and 50 ng/ml interleukin-6 in an atmosphere containing 5% CO 2 at 37uC. The culture medium was replaced every 2 weeks and the cells were kept at a density of 10 5 cells/ml. Cells were incubated with 0.5 g/ml human myeloma IgE overnight prior to further treatment.
Chemical Reagents
Peptidoglycan (PGN) from S. aureus, mouse anti-human immunoglobulin E antibody (e-chain specific) (anti-IgE) were purchased from Sigma. Human Myeloma IgE was from Merck. Pam3CSK4 was purchased from Invivogen. SP600125, SB203580, PD98059, ciclosporin and Bay11-7821 were from Tocris. Wortmannin was from Cayman. FITC-conjugated antihuman FceRI antibody and FITC-conjugated mouse IgG2b isotype control were purchased from eBioscience. When chemicals were dissolved in DMSO, the final concentration of DMSO did not alter the normal response of LAD2 cells.
Flow cytometry assay
LAD2 cells (without sensitization with IgE) were incubated with 50 mg/mL PGN or 20 mg/mL Pam3CSK4 for 24 h. Cells were washed twice with PBS and blocked with human IgG in FACS buffer for 15 min on ice, and then washed and resuspended in FACS buffer. Cells were incubated with FITC-conjugated antihuman FceRI antibody, FITC-conjugated mouse IgG2b isotype control or FACS buffer respectively (served as blank control) for one hour in dark on ice. Cells were then washed and transferred to round bottom FACS tube for analysis by using BD LSRFortessa cell analyzer.
Degranulation assay
b-hexosaminidase (b-hex) is an enzyme contained in the cytoplasmic granules of mast cells and the degree of release of this enzyme into the supernatant provides an indication of the degranulation process following mast cell activation. LAD2 cells were respectively incubated with different stimuli for 30 min and b-hex release was measured. b-hex in supernatants and cell lysates was determined by use of a colorimetric assay in which release of p-nitrophenol from 4-nitrophenyl N-acetyl-b-D-glucosaminide was measured [1] . The absorbance was measured at 405 nm by using a multiplate reader. 605 nm reading was taken as a reference. The percentage of b-hex release was calculated as the percentage of the total b-hex content. All results were corrected for spontaneous b-hex release that was less than 5%.
IL-8 measurement
LAD2 cells were pre-incubated with various inhibitors for the corresponding time periods prior to incubation with different stimuli for 24 h to allow synthesis and release of IL-8. The release of IL-8 in the supernatants was measured by ELISA assay (BD Biosciences) according to the manufacturer's instructions. All results were corrected for spontaneous IL-8 release that was less than 22 pg/10 6 cells.
Intracellular Ca 2+ mobilization assay LAD2 cells were loaded with 2 mM Fura-2 AM (Invitrogen) for 30 min at 37uC. The cells were washed three times and then resuspended in HEPES buffer with human albumin prior to challenging with different stimuli. Fura-2-loaded mast cells were viewed with an Olympus inverted IX51 microscope. The images were captured with a CCD camera at every 10 s intervals. Fluorescence images were obtained at wavelengths of 340 and 380 nm with an emission wavelength of 510 nm. The fluorescence ratio of 340 to 380 nm was measured and the overall levels of calcium influx were compared with area under the curve analysis. F 1 /F 0 was the fluorescence ratio of time point X divided by the ratio of time point zero.
Statistical analysis
Statistical significance was determined by student t-test, oneway and two-way ANOVA. Differences were considered significant at a P value of less than 0.05. All data are expressed as means6SEMs.
Results
TLR2 ligands suppressed LAD2 cells degranulation induced by anti-IgE
PGN and Pam3CSK4 did not induce significant release of bhex on their own (Fig. 1A , B) while anti-IgE induced a release of around 30% of total b-hex after a 30 min incubation with LAD2 cells. When added to LAD2 cells simultaneously with anti-IgE, PGN had no significant effect on anti-IgE induced b-hex release while Pam3CSK4 inhibited the release only at the highest concentration of 20 mg/ml tested. In contrast, dose-dependent inhibition of anti-IgE induced b-hex release from LAD2 cells was observed with both TLR2 ligands when LAD2 cells were activated after pre-incubation with the TLR2 ligands for 24 h. (Fig. 1A, B ).
TLR2 ligands differentially regulated anti-IgE induced IL-8 release from LAD2 cells
PGN and Pam3CSK4 induced IL-8 release from LAD2 cells dose dependently over 24 h incubation (Fig. 1C, D) . Synergistic release of IL-8 was observed when Pam3CSK4 and anti-IgE were added simultaneously to LAD2 cells with maximum release of 1390.86595.0 pg/10 6 cells at 20 mg/ml of Pam3CSK4, which was over 200% higher than the additive combined release (Fig. 1D ). In contrast, PGN did not demonstrate similar synergism and the actual release induced by simultaneous incubation with anti-IgE and PGN was not significantly different from the additive combined release (Fig. 1C ).
TLR2 ligands did not reduce the expression of FceRI on LAD2 cells
We examined the effect of the TLR2 ligands PGN and Pam3CSK4 on the surface expression of FceRI on LAD2 cells. Our results showed that comparing with the non-treated cells (grey line), pre-treatment of PGN or Pam3CSK4 for 24 h did not reduce the expression of FceRI on LAD2 cells (black line) ( Fig. 2A , B).
TLR2 ligands inhibited anti-IgE induced intracellular calcium increase in LAD2 cells
Increase in cytosolic calcium is essential both for degranulation and for release of de novo synthesized mediators in mast cells [15] . Anti-IgE induced an increase of [Ca 2+ ] i with peak elevation at around 4 minutes after activation and gradually returned to normal level over the next 4 min. Pam3CSK4 induced a much lower but sustained level of [Ca 2+ ] i that was significant at around 3 min after activation while PGN did not cause intracellular calcium increase (Fig. 3A, B) . Increase in calcium influx by Pam3CSK4 was not due to cytotoxicity as Pam3CSK4 did not influence cell viability of LAD2 cells as determined by WST-1 cell proliferation assay and trypan blue exclusion test following incubation of LAD2 cells with Pam3CSK4 for 30 min and 24 h (data not shown). When added simultaneously with anti-IgE, PGN did not influence anti-IgE induced calcium mobilization (Fig. 3A,  E) while Pam3CSK4 altered the pattern of calcium increase induced by anti-IgE to that induced by Pam3CSK4 alone with reduced peak but sustained calcium influx (Fig. 3B) . The AUC analysis thus did not show significant difference between the influx of calcium induced by anti-IgE alone and that induced by anti-IgE with Pam3CSK4 (Fig. 3F) . Following 24 h pre-incubation, PGN and Pam3CSK4 both significantly inhibited the peak anti-IgE induced calcium increase (Fig. 3C, D) as indicated by the AUC analysis (Fig. 3G, H) . ] i increase contributes to the release of cytokines from anti-IgE stimulated mast cells [1] . As illustrated in Fig. 4A , IL-8 release induced by Pam3CSK4, anti-IgE and their combination were significantly blocked by the specific inhibitor of calcineurin, ciclosporin (CsA) (2 mg/ml). In contrast, CsA did not change PGN induced IL-8 release from LAD2 cells (Fig. 4A ) but reduced the release of IL-8 induced by PGN together with antiIgE by 50% (Fig. 4A) .
NF-kB was shown to be involved in the release of cytokines and chemokines induced by agents that activate TLRs and FceRI [11, 16] . However, the NF-kB inhibitor Bay 11-7821 (10 mM) failed to reduce IL-8 release from LAD2 cells incubated with PGN, Pam3CSK4, anti-IgE or the combinations of Anti-IgE with either of the two TLR2 ligands (Fig. 4B) .
PI3K is well known to participate in human mast cells activity in term of degranulation and release of de novo synthesized mediators in response to various cell surface receptors including FceRI [11, 12, 15] . Meanwhile, direct evidence for the requirement of PI3K in TLR2 signaling activation was showed by Arbibe et al [17] . The PI3K inhibitor wortmannin (0.5 mM) inhibited IL-8 release induced by PGN, anti-IgE and their combination (Fig. 4C) . However, this inhibitor failed to demonstrate any effect on IL-8 release induced by Pam3CSK4 alone or in combination with anti-IgE (Fig. 4C) .
Involvement of MAPKs in TLR2 ligands and anti-IgE induced mast cell activation
TLR2 ligands and anti-IgE both had been reported to induce the tyrosine phosphorylation of MAPKs, which are important signaling molecules for the production of wide variety of cytokines and chemokines in mast cells [3] . The ERK inhibitor PD98059 (10 mM) significantly inhibited IL-8 release from LAD2 cells induced separately by PGN, Pam3CSK4, anti-IgE and the combinations of anti-IgE with either TLR2 ligand (Fig. 5A) . The JNK inhibitor SP600125 (20 mM) only inhibited PGN, anti-IgE and their combination induced release of IL-8 from LAD2 cells, but did not inhibit Pam3CSK4 induced IL-8 release, nor did it change the IL-8 release induced by Pam3CSK4 combined with anti-IgE (Fig. 5B) . The p38 inhibitor SB203580 (10 mM) did not influence the release of IL-8 induced by PGN, Pam3CSK4, antiIgE or the combination of anti-IgE with either of the TLR2 ligands (Fig. 5C ).
Discussion
Mast cells are pivotal immune effector cells not only in the context of allergic diseases, but also for the innate host defense system [18] [19] [20] . The discovery of the expression of Toll-like receptors on mast cells indicates that mast cells are capable of dealing with a great number of bacterial and viral infections [2] . Although clinical symptoms of asthma patients could be induced or worsened by microbial infections [21] , there are also evidence showing that TLR2 ligands could reduce allergic airway inflammation in chronic respiratory sensitization to antigens, or inhibit Th2 response to mite allergen in human through decreasing the release of Th2 cytokines such as IL-5 and IL-13 [22, 23] . The contrasting observations may be due to the nature of the pathogenic molecules expressed by the microbes as implicated in the current study which demonstrated that TLR2/1 and TLR2/6 ligands could differentially modulate FceRI mediated response in human mast cells. We showed that TLR2 ligands differentially modify human mast cell functions in response to antigen through inhibiting the degranulation and enhancing the release of de novo synthesized mediators.
Our observations that pre-incubation of LAD2 cells with PGN and Pam3CSK4 for 24 h suppressed anti-IgE induced degranulation in general agree with the inhibitory effect of TLR2 ligands on antigen induced degranulation reported in previous studies employing murine and human mast cells [1, 2, 8] . Yoshioka et al demonstrated that pre-incubation of LAD2 cells with PGN and lipoteichoic acid (LTA) for 48 h inhibited anti-IgE induced degranulation through down-regulation of FceRI expression on LAD2 cells [2] . However, we could not observe any change in the expression of FceRI in LAD2 cells pre-incubated with PGN or Pam3CSK4 for 24 h, while both TLR2 ligands could significantly inhibit anti-IgE induced degranulation from LAD2 cells. Furthermore, 24 h pre-incubation of PGN and Pam3CSK4 inhibited anti-IgE induced calcium mobilization in LAD2 cells, which was a necessary upstream signaling mechanism required for antigen induced mast cells degranulation [15] . In contrast to our previous study which observed that only Pam3CSK4 but not PGN could suppress calcium increase induced by the neuropeptide, substance P [24] , the inhibitory action of PGN against anti-IgE induced calcium increase suggested that Pam3CSK4 and PGN modulate different sources of calcium. Since substance P induces mainly release of calcium from intracellular stores while FceRI activation induces calcium influx through opening of cell membrane calcium channels, the activation of TLR2/6 heterodimer by PGN may thus suppress the functions of calcium channels. The calcium suppressing action of PGN was only apparent after 24 h incubation suggesting that the effect is not due to direct blocking of the calcium channels but related more to regulation of calcium channel expression or operation through generation of new regulatory molecules. In contrast, no pre-incubation was required for Pam3CSK4 to modify the calcium influx pattern induced by anti-IgE. Anti-IgE alone induced a sharp increase of calcium ] i were compared in the presence or absent of PGN or Pam3CSK4. Error bars were omitted for the clarity of the graph. The peak levels of calcium influx were compared with area under the curves analysis (E, F, G, H). Significant differences following student t-test were indicated by asterisks: *p,0.05, **p,0.01 (n = 4-6). doi:10.1371/journal.pone.0112989.g003
Effects of TLR2 Agonists on Anti-IgE Induced Mast Cell Activation influx which returned quickly to the basal level, while Pam3CSK4 alone induced a lower level of calcium that is more sustained and this pattern is also observed in LAD2 cells incubated together with anti-IgE and Pam3CSK4. The low level of sustained calcium increase induced by Pam3CSK4 suggested that activation of the TLR2/1 heterodimer produced an immediate interference of the Effects of TLR2 Agonists on Anti-IgE Induced Mast Cell Activation PLOS ONE | www.plosone.orgintracellular store of calcium but the low level of intracellular calcium release was not sufficient to induce the opening of cell surface calcium channels. Instead, the opening of cell surface calcium channels required for anti-IgE induced mast cell degranulation was suppressed probably due to inhibition or desensitization of the responses of intracellular calcium stores to FceRI activation.
Previously, we have demonstrated that PGN and Pam3CSK4 induced the release of IL-8 by employing different signaling pathways in LAD2 cells. Furthermore, activation of different signaling pathways induced by PGN and Pam3CSK4 also resulted in opposite modulatory effect on LAD2 cells activation in response to substance P [24] . In the current study, Pam3CSK4 but not PGN acted in synergy with anti-IgE for IL-8 release from LAD2 cells which is the reverse of the modulatory actions of the two TLR2 agonists on substance P activated LAD2 cells. In addition to confirming that TLR2/1 ligand and TLR2/6 ligand induced different signaling in LAD2 cells, our results further illustrated that the mast cell activation mechanisms triggered by G-protein and IgE receptor are differently regulated by TLR2 agonists. Our observation did not provide evidence for crosstalk between TLR2/ 6 heterodimer and FceRI activation mechanism in relation to IL-8 release since the combined IL-8 release are not different from the arithmetic sum of release individually induced by PGN and antiIgE. In contrast, the releases of IL-8 induced by Pam3CSK4 alone and in combination with anti-IgE were blocked by ciclosporin, an inhibitor for Ca 2+ /calcineurin-mediated NFAT activation, and the ERK inhibitor PD98059. However, the PI3K inhibitor wortmannin and the JNK inhibitor SP600125 only inhibited IL-8 release induced by anti-IgE, but had no effect on that of Pam3CSK4 or the synergistic release induced by the combination of anti-IgE and Pam3CSK4. These observations indicate that crosstalk between FceRI and TLR2/1 activation mechanisms converge at the level of calcineurin and ERK signaling pathways which in turn enhanced the effects of Pam3CSK4 in human mast cells as inhibition of FceRI required signaling pathways had no effect on the synergistic release.
Although a number of signaling mechanisms, especially the MyD88 dependent pathways have been described for the activation of TLR2, there is a lack of literature which can clearly differentiate the detail signaling mechanisms induced by the TLR2/1 and TLR2/6 heterodimers. One of the possible upstream mechanisms would be the association of the TLR2/1 and TLR2/6 heterodimers with different lipid raft-resident proteins upon activation, which may result in the activation of different signaling pathways downstream. Triantafilou et al demonstrated that following activation by appropriate ligands, TLR2/TLR1 heterodimers were selectively recruited into lipid rafts which facilitated association with CD14, while TLR2/TLR6 were concentrated in lipid rafts which facilitated association with CD14 and CD36 [25] . One of the downstream signaling pathways that differentiates PGN and Pam3CSK4 induced IL-8 release is the calcineurin pathway as ciclosporin demonstrated no effect on IL-8 release induced by PGN but significant inhibition of those induced by Pam3CSK4 and the combination of anti-IgE and the TLR2/1 agonist. The conventional activation of calcineurin is initiated by an increase in intracellular calcium which was observed in LAD2 cells activated by anti-IgE and Pam3CSK4 as reported above. However, the amplitude of the calcium increase induced by the co-stimulation of Pam3CSK4 and anti-IgE was maintained at the same level as that induced by Pam3CSK4 alone which was lower than that induced by anti-IgE alone. This observation thus suggests that the ciclosporin sensitive synergistic release would be due to a calcium independent potentiation of calcineurin functions. Since the synergistic release of IL-8 was also blocked by the ERK inhibitor, PD98059, co-activation of LAD2 cells through TLR2/1 and FceRI will most likely lead to synergistic activation of ERK as previously demonstrated in murine mast cells co-stimulated with TLR2 ligands and antigen [3] . Apart from inducing the de novo synthesis of IL-8 by directly initiating the gene transcription process, enhanced ERK activation may also improve the function of calcineurin by facilitating the dissociation of the endogenous calcineurin suppressor, RCAN1 (regulator of calcineurin 1), from the phosphatase as suggested by Shin et al and thus explains why the synergistic IL-8 release is also sensitive to the inhibitory action of ciclosporin [26] .
TLR2 forms heterodimers with TLR1 and TLR6 to broaden the specificity of TLR-mediated pathogen recognition. TLR2/1 is activated by triacylated lipoproteins from different bacteria and lipoarabinomannan from mycobacteria, whereas TLR2/6 specifically recognizes diacyl lipopeptides from mycoplasma, zymosan from fungi, and lipoteichoic acid from group B streptococcus and staphylococcus [27] . Our current study has demonstrated that exposure of human mast cells to TLR2 activating microorganisms in general leads to suppression of the acute degranulation of mast cells mediated by FceRI activation through mechanisms that reduce the level of intracellular calcium and thus reducing the contribution of mast cells to the acute phase of inflammation. On the contrary, the FceRI induced release of cytokines such as IL8 is enhanced by microbes that activate TLR2/1 heterodimers but not those that activate TLR2/6 heterodimers. The current observations suggest that activation of TLR2 on mast cells may direct the functions of mast cells from being allergic responders towards being sentinel effectors in the host innate immune response. Together with our previous study on substance P [24] , our current study further confirms that TLR2/1 and TLR2/6 heterodimers initiate different signaling pathways that produce differential actions on human mast cells stimulated through the peptidergic and FceRI activation pathways. The contradicting clinical observations concerning the effects of microbial infections on allergic reactions may be due to the complex interactions between agonists of different TLR2 heterodimers with either allergens or mast cell activators of different mechanisms. 
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